An instantaneous dye-release experiment was conducted in a coastal field study. Dye was released into a longshore current field from the research pier HORS located in Hazaki, Japan. The release point of the dye was placed in a wave reforming zone which lay between a bar, where limited breaking occurred, and shorewards final surf zone, where all waves broke. Longshore current was present between the bar and shoreline. Deformation of the dye patch was observed efficiently and effectively with a moored video system. Some essential characteristics of the surf zone hydrodynamics and shear flow dispersion are explained from the results of video image analyses of the temporal variation of the dye patch distribution.
Introduction
Much research has been done on longshore current fields, including mean velocity, turbulence intensity and shear flow dispersion fields. This paper introduces the results of a field experiment conducted at a research pier using a remote sensing technique. A moored video system was employed to observe temporal and spatial variation of the surf zone during a dye-release experiment in a longshore current field, which allowed us to cheaply, quickly and easily analyze the essential characteristics of the field.
Experiments on longshore currents have often been conducted in the field using wave gauges and current meters. For example, during the SUPERDUCK experiment in 1986, several current meters were deployed and revealed the existence of low frequency variation in the longshore current field (Oltman-Shay et al., 1989) .
Measuring devices that are fixed to definite points in the surf zone provide accurate time records; however, the deployment of the instruments is limited in most field experiments, restricting observations of surf zone dynamics. In this context, remote sensing techniques can be powerful tools in exploring spatial and temporal variations of coastal hydrodynamics. In particular, several studies have demonstrated the potential of the use of video techniques in coastal studies (e.g.; Lippmann and Holman, 1989; Holland and Holman, 1997) . Video cameras were mounted on a tower standing on the shore in these studies, providing slanted views, and analyses of the video images concentrated mainly on inferring the sea bottom profiles. A new approach is introduced here, which tries to reveal spatial and temporal variation of the surf zone hydrodynamics with a moored video system, allowing for less slanted 4 views.
The modelling of longshore currents under an oblique wave incidence based on the concept of radiation stress was introduced by Longuet-Higgins (1970) . Numerous studies have been done to improve the prediction of longshore current fields, which have focused on the horizontal mixing of momentum, which characterizes the field's mean cross shore distribution. Nowadays, it is well accepted that low frequency fluctuations in a current field (Oltman-Shay et al., 1989) and circulation in the vertical plane (Svendsen and Putrevu, 1994) are major agencies for horizontal momentum mixing in addition to turbulence induced by wave breaking. The results of this study provide some understanding of these diffusion processes.
Dye-release experiments have been conducted before in the open ocean to explore current velocities, pathways and diffusion processes (Fishcer et al., 1979) , but, to the authors' knowledge, this is the first time such experiments have been published for a wave breaking zone in shallow coastal waters where the current is driven by wave motion.
Field Experiment and Sea Condition

Experimental setup
The field experiment was conducted in the summer of 1999 at the research pier HORS located in Hazaki, Japan, as a program in the joint survey HORS99. A moored video system (Takewaka and Nakamura, 2000) was launched from the pier at a height of approximately 200 m to obtain temporal and spatial images of the surf zone. A brief explanation about the moored video system and image processing 5 procedure is given in the Appendix.
There was an array of instruments available from the various research groups participating in the survey, through which surface elevations, velocity distributions and sediment concentrations were measured simultaneously. One of the targets of the field experiment was to capture unsteady variations of surface elevations and longshore currents. The moored video system observations were conducted synchronously with the other measurements, and preliminary results of the experiments have been reported by Kuriyama et al. (2000) and Takewaka and Nakamura (2001) .
A bright green dye was prepared by dissolving 1 kg of fluorescent-natrium powder with of approximately 15 kg sea water. Several dye-release experiments were conducted by injecting dye from the pier into the sea almost instantaneously, i.e., injection was completed within a few seconds. One experiment is described and analyzed in detail in the following.
Sea condition
Data was collected from 17:40 to 18:20 on the 4th of August, 1999. A total of 2400 ortho-view video images with 720 × 576 pixels, where a pixel corresponds to a square of 0.46 m at surface level, were processed at intervals of 1 second. Since ortho-view images are mapped from slanted original images, errors up to approximately 1 to 2 pixels may be included in the mapping processes, however, these errors do not influence the results of this study.
The significant wave height and period measured at the tip of the pier with a wave gauge were 0.56 m and 6.5 s. The waves were obliquely incident to the shoreline, producing a distinct longshore current field. The white belt extending in the longshore direction (x ∼ 100 m) corresponds to the shorewards surf zone where all the waves finally broke. Almost no wave breaking was observed between these two zones. Because the breaker zones extend almost parallel to the shoreline as shown in the pictures, it can be assumed that the bathymetry and wave state were uniform in the alongshore direction. Some irregularity are observed, however, indicating certain morphological and hydrodynamic ununiformities.
A longshore current developed in the range of x = 40 to 200 m due to the oblique incident waves. Figure 2 depicts the distribution of depths, significant wave height and mean longshore current measured along the pier. The longshore velocities in the shorewards wave breaking zone (x < 105 m) were estimated from image anal-ysis of the motion of the surface foam . The existence of a maximum in the longshore velocity distribution was captured in the analysis, but is not resolved from current meter measurements.
Deformation of the Dye Patch
Dye dispersion
Photo 1 depicts the deformation of the dye patch, which was released from the pier at x = 155 m. The dye patch moves alongshore with the longshore current, spreading obliquely from the center of the patch to the upper right and lower left in the photo. Spreading in the cross shore direction is probably caused by turbulent diffusion in the surf zone and by transport along the cross shore current, and in the longshore direction by variation in the velocity field of the longshore current within the dye patch and by turbulent diffusion in the longshore direction. The combination of these effects results in 'dispersion' in a shear flow field (Fischer et al., 1979; Svendsen and Putrevu, 1994) . The degree to which these effects contribute to the dye dispersion was assessed through video analysis of the dye patch deformation and is presented in the following section.
Dye patch deformation analysis
Video images were processed to obtain the distribution of the dye patch. This was done by searching for pixels in the video images whose color components, red, green and blue intensities, matched that of the non-natural green dye. A function g(x, y, t) was set which gives 1 where dye is observed and otherwise 0, where x and y is the 8 location of the pixel and t the elapsed time after dye injection. A threshold was set in searching for colored pixels, but the corresponding physical dye concentration is unfortunately unknown. Figure 3 shows an example of this procedure, where the dye patch pattern is extracted reasonably well from the video image.
The deformation characteristics of the dye patch are described with parameters X c (t), Y c (t), σ x (t), σ y (t), and θ(t), whose definitions are depicted in Fig. 3 . The center of the dye patch distribution, (X c (t), Y c (t)), was calculated with
where N is the number of the pixels with g(x, y, t) = 1 in the image. The standard deviations of the dye patch distribution along the x and y directions, σ x (t) and σ y (t),
were calculated with
The tilt of the dye patch distribution θ(t) was estimated from the slope of a linear line regressed to pixels with g(x, y, t) = 1. The stretching in the longshore direction and in the cross shore direction are almost identical at the beginning of the experiment (I), where σ x and σ y have the same incremental tendency. The dye patch was deforming from a circular spot at the point of its release to a stretched one resulting in some scatter in θ during this period.
In the middle stage of the experiment (II), the shear effects of the longshore current field prevail, where the flow becomes faster approaching the final breaking zone, resulting in a larger stretching of the dye patch in the longshore direction, i.e., an increase of σ y and a decrease of θ. We have assumed in the above that the effects of turbulent diffusion in the longshore direction are negligible, since almost no wave breaking was observed on the pathway of the dye-patch.
In the final stage of the experiment (III), the contribution of diffusion in the cross shore direction becomes apparent. As part of the dye patch approaches the shorewards breaking zone, the intensity of the turbulence increases and spreading towards the zone is remarkably promoted, resulting in an increase of σ y and θ. Here we assume the effect of transport by the cross shore current is negligible because the pathway of the dye patch is located within a region almost without wave breaking, and thus, it is suitable to presume that a distinct circulation in the vertical plane due to wave breaking and its associated return flow was absent.
The features described above -the velocity distribution and the intensity of turbulence of the longshore current field -are summarized schematically in Fig. 6 .
Small, rapid fluctuations in the values of X c (t) and Y c (t) are evident in Fig. 4 .
To examine the origin of the fluctuations, X c (t) and Y c (t) were decomposed. At first, X c (t) and Y c (t) were detrended yielding X c (t) and Y c (t), and then a moving average filter of width 20 s was applied to separate them into slowly-changing components, X cL (t) and Y cL (t), and rapidly-changing components, X cw (t) and Y cw (t). Figure 7 depicts the result of this procedure.
The center of the dye patch moved with an almost constant speed with the longshore current, but there was a small retardation and acceleration as observed from the variation of Y cL (t). This may be caused by unsteady variations of the longshore current field with a period of several hundred seconds, which is reported by Kuriyama et al. (2000) . Their discussions, based on analyses on records of surface elevations and velocities, point out that these slow fluctuations could have been induced by shear instability of the flow field. The deployment of current meters was too sparse and limited, however, to explore further the connection between these low frequency variations observed in the experiment.
X cw (t) and Y cw (t) varied with a mean period coinciding almost to that of the incident waves during the experiment. A scatter plot with X cw (t) for the vertical axis and Y cw (t) for the lateral axis is shown in Fig. 8 , and shows that the dye patch made a reciprocating motion due to the passage of the waves. The solid line in the figure is the regression of the scatter plot, and should have a slope corresponding to the angle of the major axis of the wave orbital motion. Figure 9 shows a scatter plot for velocity components measured with a electro-magnetic current meter above the sea bottom at (x, y) = (170 m, 100 m). Rapidly-changing cross shore and longshore velocity components u cw and v cw were derived in the same manner as described above. The overall distributions of the scatter plots are similar, which confirms that the rapidly-changing fluctuation of the dye patch was caused by wave motion.
Estimation of the cross shore diffusivity of the flow field
Determination of the turbulent diffusion coefficient in numerical and analytical estimations of a longshore velocity field is always a troublesome problem. The cross shore diffusion coefficient K x is estimated here by assuming a Gaussian diffusion process in the cross shore direction and neglecting the effects of transport by the cross shore flow. Since the pathway of the dye patch was located within an almost wave-breaking-less region, it is suitable to assume that a distinct circulation in the vertical plane due to wave breaking and its associated return flow was absent.
Under the assumption that the diluted dye was visible from the moored video system until its concentration C became 0.1%, 0.5% or 1.0% of its initial value C 0 , values of K x = 0.01, 0.017 and 0.025 m 2 /s were obtained, respectively. This estimate was obtained by analyzing the variation of σ x (t) in the time span of 0 < t < 400 s and σ xa (t), defined with the following equation, which is derived from the analytic solution for a Gaussian diffusion process,
Concentration ratios
were given and K x were varied to best fit the experimental result as shown in Fig. 10 . It is obvious that the variation of σ x (t) has a different tendency for t > 480 s. A part of the dye patch approaches the final breaking zone, the intensity of the turbulence increases and spreading towards the zone is remarkably promoted.
Comparisons with formulas proposed by Longuet-Higgins (1970) and Larson and Kraus (1991) are made to asses this estimation. Longuet-Higgins (1970) proposed in his historic work
where x l is the distance from the shoreline, g is acceleration due to gravity, h is local water depth and N is a constant of order 0.01. A value of K x = 5.4m 2 /s is obtained for x l = 100 m, g = 9.8 m/s 2 , h = 3 m and N = 0.01. Larson and Kraus (1991) proposed a formula K x = (0.15 to 0.5)u b H
where u b and H are local amplitudes of the bottom velocity and wave height, respectively. A value of K x = 0.068 to 0.23 m 2 /s is obtained for u b = 0.9 m/s and H = 0.5 m, which are the significant values observed at location (x, y) = (170 m, 100 m).
Both formulas, which are proposed for wave breaking zones, provide a larger estimate than that evaluated from the field experiment, which is representative of a zone where wave breaking is not intense. 
Concluding Remarks
A dye-release experiment was conducted in a longshore current field and observed with a moored video system. The temporal variation of the dye patch distribution was presented and the dispersion characteristics were illustrated. Analyses of the video images of the dye patch deformation were done and their results explain characteristics of the velocity and turbulent intensity distributions of the longshore current field.
